Abstract: This paper proposes optimization frameworks for discrete road network design considering the land-use transport interaction over time. Unlike existing models, the optimization frameworks can determine the optimal designs automatically without trial-and-error once the objective(s) is/are clearly defined. Moreover, these frameworks allow the evaluation of the impacts of the optimal designs on the related parties including landowners
time scale we consider in the framework is in years as in Lo (2006, 2008) and Lo and Szeto (2009) , since the pace of the adjustment process inside the land use system is slow compared with those occurred inside the transport system like the dayto-day route adjustment process or the second-to-second traffic dynamics. Nonetheless, a second smaller time dimension can be easily added to the proposed models to cope with the dynamics inside the transport system without conceptual difficulty and is left for future study. Since the largest time scale is used here, the inherent advantages of the model proposed by Lo (2006, 2008) and Lo and Szeto (2009) can be found in this framework.
The framework is formulated as a single-level single-objective optimisation program, in which the objective function represents the concern of the decision maker. The decision maker can be the government or the private sector, depending on the source of funding for road improvement and construction projects. The objective thus depends on who is the decision maker or builder/operator. In the case where the funding is wholly from the government who is in charge of road network design, the decision maker is the government and their objective can be alleviating congestion or maximizing societal benefit. In the case the improvement or construction projects involve private sector (i.e., the builder and operator is the private sector) like buildoperate-transfer (BOT) projects, the objective is usually profit-maximizing. The constraints include those describing modal split, trip assignment, land use transport interaction over time, as well as design and financial constraints. To incorporate the considerations of various parties involved in road improvement and construction projects, a multi-objective optimisation framework is then developed through the hybrid approach. This multi-objective framework can aid the government making decisions considering the objective of each related party and eliminating a large number of alternative designs without trial-anderror.
A numerical study using a small network is set up to illustrate the effect of the implementation of road construction projects on the related parties, especially on landowners, and show tradeoffs between various objectives, although the models can be used to handle general networks. Three road construction schemes are considered: exact cost recovery, BOT, and to use the increase in transit profit to subsidize road construction projects. The scenario under each scheme is formulated individually using the proposed frameworks, and the corresponding optimal design is obtained by PREMIUM SOLVER PLATFORM to solve the models. The results show that the changes in landowner profits are not the same after implementing any one of three projects.
This raises the issue of landowner equity in terms of changes in landowner profits. More importantly, the changes can be negative after the implementation. If we force the changes in landowner profits to be non-negative, societal benefit can be reduced and the road network can be more congested compared with the situation without enforcing non-negative changes in landowner profits.
The rest of the paper is organized as follows: The next section describes the formulation of the single-objective framework and the framework extension. Following that is the numerical study. The last section gives concluding remarks.
FORMULATIONS
We consider a strongly connected multi-modal transportation network with multiple Origin-Destination (OD) flows over the planning horizon [ ] 0,T . The planning horizon is divided into N equal design periods. The network is further divided into M subnetworks, one for each mode, to account for the unique travelling speed of each mode. The mode here can be an individual mode or a combined mode. The proposed roads are also included in the bus, minibus, and car mode subnetworks. With this consideration, we can formulate the proposed framework as a single-level, single-objective constrained optimisation program as follows:
subject to time-dependent Lowry-type constraints, time-dependent modal-split/assignment constraints, road network design constraints, and; financial constraints where ( ) y x is the objective function and x is the vector of decision variables. In the following, we discuss the framework in details.
Time-dependent Lowry-type constraints
Time-dependent Lowry-type constraints are developed based on Lowry's (1964) model, which classifies the land use into three categories: basic sector, household sector and non-basic sector. The basic sector includes industries, businesses and administrative establishments whose goods and services are exported outside the urban area. It generates a centripetal flow of capital into the city generating growth and surpluses. It is generally assumed that this sector is less constrained by urban location problems since the local market is not the main concern. This consideration is an exogenous element of the Lowry model and must be given. The non-basic sector includes those businesses, administrative and other establishment that deal with providing goods and services for local residential population. Since this sector strictly serves the local / regional demand, the location choice is oriented to the household sector. Employment levels are also assumed to be linked with the local population. The household sector consists of residential population. The number of residents is related to the number of basic and non-basic jobs available. Their residential locations are also closely linked to the place of work. Since the residential and non-basic sector location choices depend on each other, the household and non-basic sectors finally distribute themselves to achieve equilibrium.
The time-dependent Lowry-type constraints extend the Lowry-type equilibrium to a dynamic framework. In each design period, a Lowry-type equilibrium is assumed to be held. The equilibrium is depicted by a number of constraints. The first one describes how to allocate residents who work in employment zone i to residential zone j using the gravity-type model:
,
where
, ij R τ is the number of residents travelling between OD pair ij in period τ or the number of work-to-home trips (or the number of total employment trips) between OD pair ij in period τ . This is the number of residents in zone j that work in zone i . , i E τ is the total employment in zone i in period τ . , j W τ is the attractiveness of zone j in period τ , which can be represented by the availability of floor space for residential use. α is the economy-of-scale parameter to regulate the attractiveness of each zone (Bureau of Transport Economics, 1998) . r β is a parameter to regulate the effect of transport cost on distribution of residents. A high value of r β will result in the residents being allocated close to their place of work; if r β tends to infinity, all residents will live and work in the same zone. On the other hand, if r β tends to zero, the residents whose work in zone i will locate to all residential zones equally. , ij c τ is the composite travel cost between OD pair ij in year τ , representing the inter-zonal impedance and will be defined later. The balancing factor , i B τ is derived by Wilson (1970) , which is to ensure a correct allocation of residents to zone j in period τ so that , , 
where , , , 1/ exp( ), ,
s is a service employment-to-population ratio. , i W τ is the attractiveness in zone i in period τ , which can be the availability of floor space for commercial use. α is the economy-of-scale parameter to regulate the attractiveness of each zone. The total number of residents in zone j in period τ , , j R τ , in (6) is defined as: , , , ,
where , ij R τ is the number of employees who work in i living in j in period τ , and µ is a population-to-employment ratio.
According to (8), in each period, the total number of employees in zone j ,
multiplied by the population-to-employment µ gives the total number of residents in that zone , j R τ .
Time-dependent modal-split/assignment constraints
The time-dependent modal-split assignment constraints represent the transport model in this framework and describe the route and mode choices over time. These constraints are made up of Wardrop's conditions, travel cost constraints, as well as the modal split, flow conservation, and non-negativity conditions.
Wardrop's conditions. These conditions are supposed to be held in each design period for each mode. They require that for each mode k in each period τ , the travel cost of each of the used routes between the same OD pair must be equal and minimal.
This can be mathematically represented as: 
where , , 
According to (9) and (10), if the flow of mode k on route p between OD pair ij in period τ is larger than zero, its travel cost is the lowest travel cost. If the travel cost of mode k on route p in period τ between OD pair ij is larger than the lowest travel cost, the flow of mode k is zero.
Condition (9) can be restated as:
Travel cost constraints. Travel costs depend on flows, network characteristics such as free flow travel times and capacities of links, and out-of-pocket costs such as tolls and fares. Route costs depend on route flows, in which the latter depends on link flows through:
where , k a v τ is the hourly flow of mode k on link a in period τ , and , p k a δ is a link-path incidence indicator for mode k , equals one if link a is on route p , zero otherwise. Equation (13) 
is the link flow vector in period τ . This link performance function is non-separable as the link time on link a depending on the flows on other links. Since the focus of this paper is on road network design, we give an example of the link performance function commonly used in road traffic assignment: 
where the superscript m stands for the mode that travels in the road network only (which is different from the superscript k that is used for representing any mode considered in this paper). = ). Equation (17) constrains capacity enhancements to be the multiple of the capacity of a standard lane.
The route cost , ,
c τ is the sum of the link-wise additive costs , ,
g τ and the route specific costs , ,
The link-wise additive costs , , , , , , ,
where ψ is the cost of unit (travel) (e.g., non-linearly proportional to distance), or waiting time and some fare structures for transit networks (e.g., zone-wise prices).
The composite travel cost between OD pair ij in period τ , , ij c τ , is defined as:
where β is the parameter in the logit model to regulate the effect of the mode travel cost ,
The composite cost is obtained by aggregating the mode travel cost ,
+ over all modes k . The derivation of this composite cost can be found in Williams (1977) and Ben Akiva and Lerman (1987) .
The modal split, flow conservation, and non-negativity conditions. Modal split can be obtained by the logit model:
where , k ij q τ is the demand for mode k between OD pair ij in period τ , and , ij R τ is the number of residents who work in zone i living in j defined in (2).
The demand for mode k between OD pair ij in period τ , , (21) is equal to the sum of the route flows of that mode between the OD pair in the same period so that route flows are conserved in each mode between each OD pair in each period:
, , , , , , ,
Moreover, route flow in (22) must be non-negative:
, , 0, , , , ,
Road network design constraints
They include link addition constraints, capacity constraints, and toll constraints.
Link addition constraints. These constraints are added to ensure that flow on a proposed link can be non-negative only if the link is built, and is zero otherwise:
where M is a very large constant.
Capacity constraints. These constraints are included to address the facts that a link (in road networks) cannot be built or expanded beyond an upper limit due to space limitation:
where m a u is the maximum allowable capacity of link a for mode m that uses the highways or roads. Equation (25) is the maximum allowable capacity constraint, which is to limit the total capacity of each link after road expansion or highway construction in period τ , , m a c τ , to be less than its maximum allowable capacity
Toll constraints. These constraints cater for scenarios, such as for political reasons, the toll , m l τ ρ cannot be collected on certain links, or toll charges cannot be set too high. Mathematically, they can be stated as: 
where max m ρ is the maximum allowable toll for mode m that travels on roads. The subscript l represents links without tolls.
Financial constraints
They depict the relationship between the improvement and construction costs, toll revenues, and subsidy. These constraints include cost and revenue functions and the cost recovery constraint.
Cost and revenue functions. The toll revenue T τ , and the improvement, construction and maintenance cost K τ in period τ
can be in terms of the equilibrium link flow , b l y models the improvement and construction cost of link a in period 1 (i.e., the base period). Equation (31) depicts the general relationship that the improvement and construction cost of a link is proportional to the extent of the widening (and hence capacity gain) and its length. This function is adopted for illustration and simplicity; other functional forms can be adopted in this framework without difficulty. Equation (32) is the time-dependent maintenance cost function, which is set to be: Cost recovery constraints. Cost recovery can be classified into three types: partial, exact, and profitable (Lo and Szeto, 2009 ).
Partial (exact) cost recovery occurs when the cost in a design period is partially (exactly) recovered by the revenue, adjusted to present value terms. Profitable cost recovery occurs when, in present value terms, the revenue more than covers the cost, with a surplus or profit at the end of the planning horizon. These three cost recovery schemes can be mathematically formulated using one equation:
where S τ is the subsidy or contribution to network improvements in period τ . TOP is the profit or surplus of the toll road operator. i ɶ is the discount rate.
The first term on the left hand side (LHS) of (33) is the total discounted toll revenue for the entire planning horizon. Similarly, the second (third) term is the total discounted government subsidy (the total discounted improvement, construction and maintenance cost). The cost recovery equation (33) requires that, in present value terms, the total toll revenue plus the total subsidy minus the total improvement, construction and maintenance cost equals the surplus or profit. Depending on the values of S τ and TOP , equation (33) In the case where the subsidy S τ is obtained from the increase in transit profit (which is numerically the same as the increase in transit revenue when the operation and maintenance cost is fixed.)
, the subsidy can be calculated by:
, ,
, , , ,
where , ,
′ are respectively the fare and revenue of transit mode k′ on route p between OD pair ij in period τ whose profit is used to subsidize road improvements and constructions. Equation (35) 
Objective function
The objective thus depends on who is the decision maker. In the case where the improvement and construction projects involve the private sector (i.e., the builder and operator are the private sector) like build-operate-transfer projects, the objective is usually profit-maximizing, and the objective function is TOP defined by (33).
In the case where the funding is wholly from the government who is in charge of a road network design, the decision maker is the government who usually considers a number of objectives from the viewpoint of society. The main one is societal benefit, or equivalently the change in societal benefit after implementing a transport policy like implementing a road construction project (because the societal benefit before the implementation is a constant that does not affect finding the optimal design during optimisation). This can be measured by the change in social surplus (SS).
The change in social surplus. The change in social surplus, SS ∆ , is the difference between the SS after and before the implementation, and is equal to the sum of the change in consumer surplus (CS), CS ∆ , the change in landowner profit, LOP ∆ , the change in toll revenue, T ∆ , the change in transit revenue, U ∆ , minus the change in net tax revenue, R ∆ , the change in improvement, construction and maintenance cost for the toll road, K ∆ , and the change in operation and maintenance cost of transit modes, Y ∆ :
The change in consumer surplus, CS ∆ , in equation (36) For the same network and demand characteristics, a higher CS (positive change in CS) implies a better performing system. Here, an approximation to this change, in present value terms, is employed (Williams, 1976) and can be expressed as follows:
, , ,
(1/ 2)( )( ),
where the superscripts 'before' and 'after' denote before and after improvement and construction project implementations, respectively. i ɶ is the interest rate.
is the discount factor for period τ . According to (37), the change in CS is the sum of the change in CS for all modes and for all OD pairs over time, discounted to present value terms. Equation (38) 
The difference of a landowner's profit before and after the implementation of a road improvement or construction project can be written as follows:
, , , , ,
where , j R τ is the total number of residents in zone j in period τ as in equation (8) (41) is assumed to increase over time due to inflation:
where j ɶ is the inflation rate. This rent is fixed within a period as the housing supply is assumed to be perfectly elastic. This assumption can be relaxed in future studies.
The change in toll revenue T ∆ can be similarly calculated by:
The term in the numerator is the difference of toll revenue after and before the implementation of road improvement and construction projects. This term is discounted by
to form the discounted change in toll revenue in period τ . The sum of the discounted change in toll revenue in all periods is the change in toll revenue according to (44).
The changes in transit revenue, tax revenue, and the improvement, construction and maintenance cost for toll roads can be defined in a way similar to the change in toll revenue, where the subsidy used to calculate the change in tax revenue and the total improvement, construction and maintenance cost are zero before the implementation.
The change in operation and maintenance cost of transit Y ∆ is zero, assuming that this cost is fixed and independent of the number of passengers.
Considerations in road improvement and construction projects
Developing a specific model requires taking into account the parties involved in the implementation of road network projects. In general, the implementations of road network projects involve many parties, including road users, private landowners, private transit operators, private toll road operators, and the government. Each of these parties has distinctive objectives as discussed below. 
where , , , , , , , , , 
Private landowners: discounted profit or the change in landowner's (discounted) profit.
In the case of private landowners, they are concerned with their own total discounted profit, which is the sum of the discounted landowner profit in each year. This can be formulated as: After the project implementation, there must be a change in landowner profit due to redistribution of residents. This change in landowner's profit can be used as an alternative to formulate the objective of the landowner, since the profit before the implementation is fixed. This change can be written as: Private transit operators: profit. Like private landowners, the objectives of transit operators are profit-driven. The profit of the private transit operator can be written as: 
where ( )
, 1
The subscript b represents the toll road operator. 
Government: average network travel time, and equity between landowners.
The government has a lot of concerns, including the whole societal benefit, the congestion problem, the environmental issue, the equity issues between travellers, between private toll road operators, and between landowners, and so on. Here we only discuss and formulate two measures: the average network travel time, and the equity constraints between landowners.
Average network travel time (ANTT).
The average network travel time is defined as follows:
The numerator is the total travel time of all modes using road networks over the planning horizon, whereas the denominator is the total traffic over the planning horizon. This measure only considers the average speed of all modes on a road network and hence the congestion level of the network, which is different from consumer surplus that considers both the effect of network congestion and the public's propensity to travel.
Equity between landowners.
In general, the implementation of road improvement projects may result in different changes in landowner profits. Some changes can be greater than the other, and some changes can be even negatives. This raises the issue of equity between landowners. Here we consider that simplest case of equity: all changes must be nonnegative. That is, 0,
If all changes are nonnegative, we say that inequity does not exist. While we notice that this is not the only way to define landowner equity, it is sufficient to illustrate that inequity exists between landowners due to network improvement and expansion, as will be seen in Section 3.
Three models derived from the proposed single-objective framework
Based on the considerations above as well as different combinations of objective functions and constraints discussed above, we can develop many specific single-objective optimisation models. In this section, three specific models are provided, which will be used in the numerical study. They are the profit maximization model, the social surplus maximization model under exact cost recovery, and the social surplus maximization model under cross-subsidization:
Profit maximization model (PM model) . The profit maximization model can be obtained by setting ( ) y x in (1) to be TOP defined by (33):
max TOP E,R,f,y,ρ subject to time-dependent Lowry-type constraints (2)- (8), time-dependent modal-split/assignment constraints (10)- (23), road network design constraints (25)- (28), and; financial constraints (29)- (31), where E, R,f, y,ρ represent, respectively, the vectors of the number of service employment trips, the number of work-to-home trips, path flows, capacity improvement, and tolls. Note that the cost recovery condition (33) is included in the objective function rather than in financial constraints. This model is suitable to aid decision-making in the build-operate-transfer projects.
Cost recovery model (CR model). This can be formulated as follows:
max SS ∆ E,R,f,y,ρ subject to the same constraints as in the PM model, and, the cost recovery condition (33) with 0 TOP = and 0,
where SS ∆ is defined by (36)- (44)Error! Reference source not found.. This model formulates the problem from the government's perspective, assuming the toll revenue generated to be able to recover the improvement and maintenance cost. In the case when the improvement and maintenance cost is very expensive and the toll revenue generated is not able to recover the cost, the model gives no improvement, zero toll charges and no change in SS.
Cross-subsidization model (CS model). This can be formulated as follows:
max SS ∆ E,R,f,y,p subject to the same constraints as in the CR model, except 0 TOP ≥ and 0, S τ τ > ∀ , the cross-subsidization condition (34)- (35), where p is the vector of transit fares. This model also formulates the problem from the perspective of the government, assuming that there is a transit profit and the increase in profit is enough to build the toll road. In reality, the change in transit profit can be negative but the transit can still have a profit. In this case, the profit can still be used to subsidize the toll road construction and its maintenance but the cross-subsidization condition requires modifications.
Model extension: multi-objective optimisation
Multi-optimisation framework. The above single-objective optimisation model may not be able to give a design that makes every party happy, as will be shown in the numerical study. If this happens, we find a compromised design using the following multi-objective optimisation framework extended from the proposed framework discussed before:
subject to the same as the single-objective framework,
where ( ) i y x is the i -th (normalized) objective function. x is the vector of decision variables. i w is the (normalized) weight for i -th objective function, which is an input. The relative magnitudes of all weights represent the relative importance of the corresponding objectives. ε is the aspiration level or the satisfactory objective value, and ( ) j y x ɶ is the j -th objective function that does not appear in the weighted objective function in (55).
In the above framework, the objective function (55) is formed by summing all the weighted objective functions. Condition (56) is the weight constraint, which requires the sum of all weights to be one to normalize all the weights. Condition (57) is the nonnegativity condition of the weights. Condition (58) is the performance constraint (or ε -constraint), which considers the objective that does not include in (55). The objective function is set to be greater than the desirable or satisfactory objective value to ensure that at optimality, the j -th objective value is at least equal to the satisfactory value.
Cost recovery model under equity consideration (CR-equity model).
This multi-objective optimisation model will be used in the numerical study and is formulated as follows:
max SS ∆ E,R,f,y,ρ subject to the same constraints as in the CR model, and; the landowner equity constraint (54),
where SS ∆ is defined by (36)-Error! Reference source not found.(44). The key difference between this model and the CR model is that this model has the landowner equity constraints, avoiding reduction in landowner profit due to the implementation of network improvement projects. However, incorporating these performance constraints in the single-objective optimisation can reduce the optimal objective value, which will be seen in the numerical study.
NUMERICAL STUDIES
This study is set up to compare the three schemes of road network design, namely build-operate-transfer, cost recovery, and cross subsidization, illustrate the impacts of the implementation of road construction projects on the related parties, especially on landowners, and show the tradeoffs between various objectives of the related parties. The build-operate-transfer (BOT) scheme allows a private company to build a toll road and collect tolls to recover the construction and maintenance cost within a franchised period; and after the franchised period is over, all these toll roads are transferred back to the government. This scheme is very common now in Asia and Europe. The exact cost recovery scheme uses toll revenue to exactly recover the construction and maintenance cost. The tolling and construction strategy is to maximize the change in SS, rather than to maximize the profit as in the BOT scheme. Since the objective of this scheme is to maximize the change in SS, the private sector is not willing to be involved. The builder and operator is thus the government. This scheme can be found in India. The cross subsidization scheme is similar to the exact cost recovery scheme except that the increase in transit profit is used to subsidize the construction and maintenance cost of the toll road. This scheme is not common and only applicable to the place like Ireland, where the transit system is government-owned and can generate a huge profit due to high service coverage, high population, and low fare. 
Scenario Setting
Although the frameworks are applicable for large networks, a simple network is adopted as shown in Figure 1 These values are chosen for illustrative purposes.
Performance of Each Scheme
The optimal designs under the three schemes are obtained by solving the PM model, the CR model, and the CS model using PREMIUM SOLVER PLATFORM. The corresponding performance measures are shown in Table 1 and Figure 2 . In general, they show that road constructions have different impacts on related parties, including road users, private landowners, transit operators, private toll road operators and, the government. Road Users: They are concerned with their travel times and travel costs. According to Figure 2 , the travel times and travel costs increase over time due to increase in population over time and increase in travel demand. However, after the implementation of any road construction projects, travel time and travel cost are less than those before.
Private Landowners: Private landowners are concerned with their own profit. As shown in Table 1 , without considering the equity of landowners, the profit of landowner 2 will be reduced but that of landowner 3 will be increased if any one of the schemes is implemented. Landowner 2 will object to any implementation unless the government provides Landowner 2 a subsidy to raise the profit back to the original level.
Toll Road Operators: Private toll road operators are concerned with the profit from the project. Without considering the equity of landowners, the BOT scheme will result in generating a profit, but this profit may not be too attractive as the rate of return (i.e., toll revenue/construction and maintenance cost) is about 3%, which is less than the usual norm of 10-15 %. From the viewpoint of the private toll road operator, the project is not attractive if no subsidy is further given from the government.
further.
It is worthwhile to point out that in the cost recovery scheme, the builder and operator is the government, whose objective is to maximize the change in SS subject to cost recovery. As it is shown in Table 1 , the profit is zero and the construction cost and maintenance cost is equal to the toll revenue.
Transit Operators: When the transit operator is private and profit-driven, without considering the equity of landowners the operator will welcome the implementation of the BOT and the cost recovery scheme because both schemes will raise the higher transit profit, in particular the operator will prefer the BOT scheme more as the change is larger.
When the transit operator is the government, the positive change in transit profit means the implementation is good to society, as the change in transit profit (or the change in transit revenue minus the change in the operation and maintenance cost of transit)
is part of the change in SS. Note that under cross-subsidization, the change in transit profit is greater than the construction and maintenance cost of toll roads.
Government:
From the government's perspectives, the three schemes are beneficial to society, as the change in social surplus (∆SS) is positive. In addition, from the viewpoint of congestion or road network performance, the three schemes do improve the situation, since the change in consumer surplus (∆CS) is positive and the average network travel time is lower than 466 minutes which is the average network travel time without the implementation of any scheme. However, the government needs to consider the unequal change in profit between the landowners when any one of these schemes is implemented and may require to subsidize the private toll road operator when the BOT scheme is implemented.
It is difficult to comment which scheme is the best in general after considering the perspectives of all the above parties. In this particular example, the cross subsidization gives the highest ∆SS and ∆CS and the lowest average network travel time. This scheme is the best from the government point of view. The BOT scheme gives the largest profit from toll and transit revenue, and is the best from the viewpoint of the private transit and toll road operator. When the transit operator is private, cross subsidization is not possible and BOT gives a better performance in terms of ∆SS. Thus, BOT is the second best. However, all these observations and conclusions are based on this specific case, and cannot be generalized to another study. Nevertheless, a general observation can be made. All schemes can lead to an unequal change in landowner profit, and some landowner's profit can be reduced. Landowners will object to the implementation of the scheme if this happens. To avoid this happening, we have to take their consideration into account when designing road construction (and improvement) projects.
Performance of the Cost Recovery Design under Landowner Equity Consideration
To deal with the consideration of landowners, we can add equity constraints to the three models, ensuring that the changes in landowner profits are nonnegative. For illustrative purposes, we only add equity constraints to the CR model to form the CRequity model. This CR-equity model is solved by PREMIUM SOLVER PLATFORM, and the performance measures with and without the considerations of landowner equity are also provided in Table 1 .
These results clearly show tradeoffs between the perspectives of each of the parties. The equity scheme is worse than the original cost recovery design in terms of ∆SS, ∆CS and the average network travel time. ∆SS and ∆CS are smaller and the average network travel time is higher, meaning that society receives less benefit and the road network is more congested when landowner equity is ensured. In particular, ∆CS is negative, which is highly unacceptable. Road travellers face higher travel time and cost compared with the situation without considering equity. However, the private transit operator will favour the equity scheme as the change in profit is larger.
To illustrate the tradeoffs further, in Figure 3 obtained by solving the CR model while setting tolls to be constant during the planning horizon, it is demonstrated that the government has to increase the toll level from the optimal value of €2 so as to reduce the decrease in profit of landowner 2, or to minimize the gap between the two changes in landowner profits. Moreover, in the extreme case, if the landowner equity is ensured, the toll charge is €33, which may be too high and may be objected to by road travellers. 
CONCLUSIONS
This paper proposes a single-objective discrete network design framework considering the land-use transport interaction over time. This framework allows the evaluation of the impact of the design on related parties including landowners and contrasts to existing models that cannot be used for such purpose as the land use transport interaction over time is not captured. This flexibility helps network planners and private firms with decision-making. The proposed framework is formulated as a singlelevel maximization program, and can be solved by many existing optimisation methods. Through the hybrid approach, the framework is also extended to consider multi-objectives. This multi-objective framework can aid the government making decisions considering the objective of each related party and eliminating a large number of alternative designs without trial-anderror.
This paper also illustrates the models and the impacts of road constructions on related parties, especially landowners, under different network design schemes through a simple example, although the models can be applied to general networks. The results
show that it is difficult to comment which scheme is the best in general after considering each party's perspective and that tradeoffs exist between the objectives of all related parties. Moreover, all schemes lead to unequal changes in landowner profits.
This raises the issue of landowner equity. If we aim at ensuring that their profits must not be reduced, other considerations such as societal benefit and the road network performance may get worse. Therefore, the government has to carefully consider the tradeoffs.
This paper opens up many research directions. First, this paper does not consider heterogeneous values of time, mixed routing strategies, and the elasticities of housing demand and supply. One can incorporate them into the proposed frameworks in future studies. Second, the proposed frameworks do not consider demand and supply uncertainty, but in reality demand and supply are uncertain. Extending the proposed frameworks to capture uncertainties is definitely one important future research direction.
Third, the Lowry land use model, which is incorporated in our proposed framework, can serve the purposes of this paper, but this model has some limitations including ignoring the economic dimension and long-term character of location decisions. In the future, one can incorporate a more advanced land use model into our proposed frameworks to study other important networkdesign-related issues like the effect of road network design on location decisions. Fourth, our proposed multi-objective framework can indeed incorporate sustainability objectives and indicators summarized by Litman (2008) into road network design analysis with the objective functions to be the desirable sustainability indicators and with the target value to be the desirable sustainability indicator values. One direction is therefore to apply this framework to analyze the tradeoff between various indicators in road network design. Fifth, the proposed frameworks do not capture the effect of physical queuing on junction blockage, which can highly affect the accuracy of travel time estimation and bottleneck identification as pointed out in Szeto (2004, 2005) . However, in the future, one can integrate a dynamic network loading model like Nie et al. (2008) with the proposed frameworks by introducing another time dimension for within-day dynamics. Finally, the proposed models are path-based, which are not suitable for solving large networks involving many paths because there are too many decisions variables and it is time-consuming to find out all paths. Moreover, like other optimization problems, the proposed problem is highly non-convex, which is difficult to solve for global solutions efficiently. Therefore, developing a link-based formulation and an efficient global optimisation technique based on one or more heuristics like tabu search (e.g., Fan and Machemehl, 2008) , genetic algorithms (Ng et al., 2009) , and ant colony heuristics (e.g, Vitins and Axhausen, 2009 ) for this problem represents another worthy research direction.
